The dielectric properties of polymorphic tungsten-bronzes, ¢-SrTa 2 O 6 and ¢¤-SrTa 2 O 6 , were measured using phase pure ceramic specimens. The room temperature dielectric constant (¬) of ¢-SrTa 2 O 6 and ¢¤-SrTa 2 O 6 were µ26 and µ104, respectively, which were relatively constant over the ac frequency range, 10 2 10 6 Hz. The markedly distinct ¬ of ¢-and ¢¤-SrTa 2 O 6 were attributed to local structural details, where the displacive Sr disorder in ¢¤-SrTa 2 O 6 was emphasized. Both ¢-and ¢¤-SrTa 2 O 6 exhibited a temperature dependent transition of ¬ with diffuse maxima at 4080 K.
Introduction
The tetragonal tungsten-bronze (TTB) type structure is based on the ab-planar array of corner-shared octahedra that are stacked along the c-axis to form columnar channels with pentagonal, quadrangular and triangular cross-sections (Fig. 1). 1),2) Complete atomic occupation of the TTB structure corresponds to the unit cell content, (A1) 2 (A2) 4 (A3) 4 (M1) 2 (M2) 8 X 30 , where the cations, A1, A2 and A3, fill the cavities inside the quadrangular, pentagonal and triangular channels, respectively, and M1 and M2 occupy the octahedral holes surrounded by anion X. Generally, the A1 and A3 sites are either partially or completely empty, and form "unfilled" TTBs with the composition, (A1)(A2) 4 (M1) 2 (M2) 8 X 30 . On the other hand, "filled" TTBs with the generic formula, (A1) 2 (A2) 4 (M1) 2 (M2) 8 X 30 , are also relatively common. 1),3) A regular TTB compound has a tetragonal unit cell containing 10 MX 6 octahedra, but structural distortions often occur via deformation/tilting of the MX 6 octahedra, atomic disorder on the M1 and M2 sites, and displacive disorder of the A2 cation. 4)7) The above structural modifications cause unit cell expansion, orthorhombic distortion, and/or the permanent lattice polarization.
A number of TTB phases exhibit intriguing dielectric behaviors, the specific nature of which depends largely on the type of octahedral cation, M, and the occupancy of the A1 site. In particular, the filled TTBs, A 6p Ln p Ti 2+p M 8p O 30 (A = alkaline earth; Ln = rare earth; M = Nb, Ta; p = 1, 2) have attracted attention for lead-free relaxor ferroelectrics or temperature-stable high dielectric constant (¬) materials. 1),2),8),9) Among the unfilled TTBs, however, SrTa 2 O 6 has attracted more attention because of the potentially high-¬ characteristics for the gate dielectric or metalinsulatormetal capacitors. 10)22) Previously, the dielectric properties of SrTa 2 O 6 was studied mostly as thin film specimens, not bulk ceramic samples. The reported ¬ values of SrTa 2 O 6 films were scattered over a broad range, 30160, 10)20) which was attributed to the differences in the deposition method, thickness and crystallinity of the film. To the best of the authors' knowledge, there has been no attempt to understand the dielectric behavior of SrTa 2 O 6 from a crystal structure viewpoint. In this regard, it is noteworthy that SrTa 2 O 6 has two TTB-type polymorphs, both of which are stable under ambient conditions. 23), 24) The two TTBs, ¢-and ¢B-SrTa 2 O 6 , have similar lattice dimensions but different crystal symmetries. ¢-SrTa 2 O 6 is orthorhombic (space group Pnam) with a = 12.37 ¡, b = 12.43 ¡, and c = 7.72 ¡, and ¢B-SrTa 2 O 6 is tetragonal (space group P4/mbm) with a = 12.47 ¡ and c = 3.90 ¡. 25) In view of the dielectric property, ¢B-SrTa 2 O 6 has a larger volume than ¢-SrTa 2 O 6 and substantial Sr disorder at the pentagonal channel (A2 site). 25) This suggests that ¢-and ¢B-SrTa 2 O 6 should have different lattice polarization and dielectric responses.
In this study, the dielectric behaviors of ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 were examined over the temperature range, 15400 K, using sintered ceramic specimens. The dielectric constant of TTB SrTa 2 O 6 was found to be sensitive to the structural details: ¬(¢B-SrTa 2 O 6 ) is more than 3 times higher than ¬(¢-SrTa 2 O 6 ). The frequency and temperature dependences of ¬ are also described for both ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 .
Experimental
Polycrystalline samples of SrTa 2 O 6 were prepared from a conventional solid state reaction using SrCO 3 (Aldrich, 99.9%) and Ta 2 O 5 (Cerac, 99.95%). The ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 phases were obtained by the final heating treatments at 1673 and 1773 K, respectively. 25) To obtain dense ceramic discs for the dielectric measurement, the polycrystalline powder was pressed uniaxially at 200 MPa and then subjected to hot-isostatic pressing (HIP) under a pressure of 120 MPa at 1573 K for both ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 . The densities of the resulting specimens were 72% (¢-SrTa 2 O 6 ) and 86% (¢B-SrTa 2 O 6 ) of their respective theoretical values.
X-ray powder diffraction (XRD; PANalytical X'Pert Pro MPD) was conducted using Cu K ¡1 radiation ( = 1.5406 ¡) to determine if there was a polymorphic transition upon sintering. The morphology of the polycrystalline powders was examined by field-emission scanning electron microscopy (SEM; Hitachi, S-4200). Fourier-transform infrared (FT-IR; Thermo Scientific Nicolet iS-10) spectroscopy was carried out in transmission mode using KBr discs. The dielectric properties were measured using an LCR meter (Hioki, 3532-50) over the frequency ( f ) range, 42 Hz to 5 MHz. Electrode contact was achieved on both sides of the disc samples using colloidal silver paint (Ted Pella, 16030). The samples were loaded in a closed cycle refrigerator (CCR) with a high-temperature option (Janis, CCS-250), and the measurement was carried out over the temperature (T) range, 15 400 K.
Results and discussion
Previous studies showed that annealing SrTa 2 O 6 can induce a ¢ § ¢B transition. 23) Similarly, in the sintering attempts, excessive heating of ¢-SrTa 2 O 6 occasionally produced intermediate phases between the orthorhombic ¢-and tetragonal ¢B-forms. Therefore, care was taken to avoid phase evolution during the HIP treatment. Figure 2 presents the XRD patterns of ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 , measured before and after the HIP process. The observed patterns of ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 agreed well with the respective literature data. 25) Moreover, a comparison of the XRD patterns indicated that the sintering procedure did not cause phase transition or mixing.
For the SEM study, sintered pellets of ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 were pulverized to powders using a mortar and pestle. As shown in Fig. 3(a) , ¢-SrTa 2 O 6 was composed of loosely connected grains, 13¯m in size, and had smooth and curved surfaces. On the other hand, the ¢B-SrTa 2 O 6 grains had sharp edges and rather irregular sizes, presumably due to the fracture of larger and dense grains. The above observations suggest that the ¢B-SrTa 2 O 6 sample had lower porosity than the ¢-SrTa 2 O 6 sample, which is consistent with the packing densities. , which were attributed to the asymmetric stretching of the TaO 6 octahedra. Extended structures containing the cornershared octahedral linkage of MO 6/2 normally exhibit the bending and stretching vibration modes of MO 6 at µ200500 cm ¹1 and µ4001000 cm ¹1 (depending on the type of M and structural details), respectively. 26)28) Both ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 showed splitting of the asymmetric stretching mode, where the latter displayed better resolved components. The above splitting is presumably due to distortion of the TaO 6 octahedra from ideal O h symmetry. Figure 4 presents the dielectric constant and loss of ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 measured under an ambient condition (295 K, 1 bar). In terms of the average crystal structure, the above TTB phases belong to the centrosymmetric space groups, as shown by the Hermann-Mauguin crystal classes, mmm for ¢-SrTa 2 O 6 and 4/mmm for ¢B-SrTa 2 O 6 . In this regard, both phases are expected to exhibit paraelectric behavior where the dielectric responses rely mostly on the contribution from electronic polarization. The orthorhombic ¢-form showed typical behavior of the paraelectric ceramics: low and frequency-independent ¬ over the frequency range, 100 Hz5 MHz. On the other hand, from the tetragonal polymorph, ¢B-SrTa 2 O 6 , the measured ¬ was remarkably higher than that of the ¢-phase. Over the frequency range, 42 Hz 5 MHz, ¬(¢B-SrTa 2 O 6 ) was relatively constant at 102105.
The dissimilar dielectric behaviors of ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 , and the unexpectedly high ¬ of the latter could be rationalized from a local structural point of view. Recently, the crystal structures of ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 were established based on neutron and synchrotron X-ray Rietveld refinements. 25) Although those two structures are similar, there were notable differences related to the dielectric property. Figure 5 compares the 2-dimensional arrangements of the coplanar Sr and O atoms within ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 , together with the geometries of the corresponding SrO 15 polyhedra. The lower-symmetry orthorhombic phase, ¢-SrTa 2 O 6 , had comparatively distorted polyhedra of Sr2O 15 and Sr3O 15 , whereas the tetragonal phase, ¢B-SrTa 2 O 6 , contained Sr2O 15 , which is quite symmetric and more voluminous than the SrO 15 in ¢-SrTa 2 O 6 . Given the above local structural environments, the Sr2 and Sr3 atoms in ¢-SrTa 2 O 6 are expected to find well-defined potential minima, but not the Sr2 atoms in ¢B-SrTa 2 O 6 . In fact, Fourier mapping study of ¢B-SrTa 2 O 6 revealed electron density maxima from multiple locations near the refined Sr2 position, which strongly suggests displacive disorder. 25) Therefore, ¢B-SrTa 2 O 6 possesses local Sr disorder that can readily generate the ionic polarization, resulting in a markedly higher ¬ than ¢-SrTa 2 O 6 .
The present specimens have noticeable porosity, 0.28 for ¢-SrTa 2 O 6 and 0.14 for ¢B-SrTa 2 O 6 . The equation reported by Penn et al. 29) was used to correct the ¬ value for porosity:
where ¬ and ¬ corr are the measured and corrected dielectric constants, respectively, and P is the fractional porosity. Under the condition of T = 295 K and f = 100 kHz, ¬(¢-SrTa 2 O 6 ) and ¬(¢B-SrTa 2 O 6 ) were 26.4 and 102.4, respectively, which corresponded to ¬ corr (¢-SrTa 2 O 6 ) = 44 and ¬ corr (¢B-SrTa 2 O 6 ) = 129. The previously reported dielectric constants for SrTa 2 O 6 films ranged from 30 to 160, but a bimodal distribution was observed clustering around 40 and around 120. 10)20) We speculate that the previously studied SrTa 2 O 6 films were obtained adventitiously in the ¢-, ¢B-, or metastable intermediate forms, which might be partly responsible for the distribution of ¬ values. On the other hand, the present study using well characterized SrTa 2 O 6 ceramics allowed for an evaluation of ¬ with respect to the polymorphic crystal structures.
The temperature dependent dielectric behaviors of ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 were studied over the range, T = 15400 K (Fig. 6) . For both phases, ¬ increased gradually upon cooling from 400 to 80 K, and showed diffuse maxima at T µ 5080 K. The ratio of the maximum ¬ (¬ max ) to ¬ at T = 400 K was 1.29 for ¢-SrTa 2 O 6 and 1.50 for ¢B-SrTa 2 O 6 . T(¬ max ) was higher for ¢B-SrTa 2 O 6 than for ¢-SrTa 2 O 6 , and increased with increasing frequency. The tan ¤ values of ¢-SrTa 2 O 6 and ¢B-SrTa 2 O 6 were less than 10 ¹2 when T > 100 K, and they also showed broad peaks centered at a similar T region to the above, 4070 K. Such relaxor like behavior has been observed in a variety of filled TTB compounds, where the T(¬ max ) tended to increase in the order, tantalates < titanates¯niobates.
3 
Conclusion
Although the existing ¬ data of TTB SrTa 2 O 6 have been obtained mostly in film form, whose crystal structures were not specified, this paper reported the ¬ values of phase pure ¢- 
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Journal of the Ceramic Society of Japan 123 [5] showed diffuse peaks centered below 80 K, indicating the occurrence of a structural transition. 
